Two neurogenic regions have been described in the adult brain, the lateral ventricle subventricular zone and the dentate gyrus subgranular zone. It has been suggested that neural stem cells also line the central canal of the adult spinal cord. Using transmission and scanning electron microscopy and immunostaining, we describe here the organization and cell types of the central canal epithelium in adult mice. The identity of dividing cells was determined by three-dimensional ultrastructural reconstructions of [ 3 H]thymidine-labeled cells and confocal analysis of bromodeoxyuridine labeling. The most common cell type lining the central canal had two long motile (9+2) cilia and was vimentin+, CD24+, FoxJ1+, Sox2+ and CD133+, but nestin-and glial fibrillary acidic protein (GFAP)-. These biciliated ependymal cells of the central canal (Ecc) resembled E2 cells of the lateral ventricles, but their basal bodies were different from that of E2 or E1 cells. Interestingly, we frequently found Ecc cells with two nuclei and four cilia, suggesting they are formed by incomplete cytokinesis or cell fusion. GFAP+ astrocytes with a single cilium and an orthogonally oriented centriole were also observed. The majority of dividing cells corresponded to biciliated Ecc cells. Central canal proliferation was most common during the active period of spinal cord growth. Pairs of labeled Ecc cells were observed within the central canal in adult mice 2.5 weeks post-labeling. Our work suggests that the vast majority of postnatal dividing cells in the central canal are Ecc cells and their proliferation is associated with the growth of the spinal cord.
INTRODUCTION
Neural stem cells persist in the walls of the lateral ventricles of adult rodents (Lois and Alvarez-Buylla, 1993 ) and humans (Sanai et al., 2004) . It has been suggested that neural stem cells may persist in the walls of the ventricular system throughout the neuroaxis (Weiss et al., 1996) . Proliferating cells have been observed in these periventricular regions including the spinal cord central canal (Horner et al., 2000; Martens et al., 2002) . However, the epithelial cells that line the walls of the central canal in postnatal and adult life remain poorly understood.
Recent studies do not provide a consensus description of central canal cell types. Some authors differentiate ependymal cells and tanycytes (Mothe and Tator, 2005) . Others define three subtypes: cuboidal ependymal, radial ependymal (in dorsal and ventral poles) and tanycytes (radial) (Meletis et al., 2008) . Searching for a central canal equivalent to the subventricular zone (SVZ) of the lateral ventricles, Hamilton et al. defined a subependymal zone containing astrocytes, oligodendrocyte progenitors and neurons, all lacking contact to the canal lumen (Hamilton et al., 2009) . Apart from ependymal cells and tanycytes, astrocytes in contact with the canal (Hamilton et al., 2009 ) and cerebrospinal fluid (CSF)-contacting neurons (Marichal et al., 2009; Sabourin et al., 2009; Vigh et al., 2004) have been described.
Interestingly, a sub-population of these cells continues to divide during postnatal and adult life (Horner et al., 2000; Sabourin et al., 2009) . Central canal proliferation increases with growth factor stimulation (Kojima and Tator, 2000; Martens et al., 2002) and after spinal cord injury (Beattie et al., 1997; Namiki and Tator, 1999) . Of note, epithelial cells bordering the central canal respond to spinal cord injury increasing nestin expression (Shibuya et al., 2002) and some cells appear to migrate towards sites of injury to form glia (Meletis et al., 2008; Mothe and Tator, 2005) . In addition, there is evidence that cells isolated from the adult spinal cord can self-renew and produce neurons, oligodendrocytes and astrocytes in culture (Weiss et al., 1996) . Based on these observations, it has been postulated that a population of cells with neural stem cell properties resides in the central canal neuroepithelium of adult mammals (Hamilton et al., 2009; Martens et al., 2002; Meletis et al., 2008; Sabourin et al., 2009 ). The identity of putative spinal cord neural stem cells remains, however, uncertain.
It is widely accepted that a subpopulation of periventricular astrocytes, called B1 cells, function as the primary progenitors for the generation of neurons (Capela and Temple, 2002; Chiasson et al., 1999; Doetsch et al., 1999; Mirzadeh et al., 2008) and oligodendrocytes (Gonzalez-Perez et al., 2009; Menn et al., 2006) in the forebrain SVZ. Multiciliated ependymal cells (E1 cells), which like B1 cells are derived from radial glia, appear to be postmitotic in juvenile and adult life (Spassky et al., 2005) . Recent evidence suggests that a few multiciliated cells are generated in the aged brain, but these seem to be derived from the periventricular astrocytes (Luo et al., 2008 ). Finally, recently described biciliated E2 ependymal cells in the lateral ventricular walls are also not proliferative (Mirzadeh et al., 2008) . Martens et al. suggest that proliferating cells in the central canal are not the classical multiciliated ependymal cells, but cells homologous to SVZ B1 cells (Martens et al., 2002) . However, using a genetic tracing approach, Meletis et al. report that following dorsal or lateral funiculus lesion, astrocytes and oligodendrocytes are generated from central canal ependymal cells (Meletis et al., 2008) . Interestingly, the ependymal cells they identified were not the classical multiciliated ependymal (E1) cells, but three subpopulations of cells (cuboidal ependymal, radial ependymal and tanycytes) with one to three cilia. Based on the accumulation of proliferating cells in the dorsal region, dorsal ependymal cells have also been suggested as the potential stem cells (Hamilton et al., 2009) . Another study identified neural stem cells as dorsally located glial fibrillary acidic protein (GFAP)+ cells using GFAP-green fluorescent protein (GFP) transgenic mice (Sabourin et al., 2009) . In order to identify the adult spinal cord periventricular stem cells, it is crucial to better characterize the epithelium lining the central canal using three-dimensional reconstruction to establish the proliferative population.
Here we identified a population of proliferating cells and their progeny with transmission electron microscopy (TEM) three-dimensional reconstructions of [ 3 H]thymidine-labeled cells. The most common proliferating cell type in the epithelium lining the spinal cord central canal had two long motile cilia, each associated to a large basal body. We also found several interesting, previously undescribed subpopulations in the epithelium of the central canal: binucleated cells with four cilia, and cells similar to biciliated cells, but with one or three cilia and associated large basal bodies. Some of these uniciliated cells were also labeled by [ 3 H]thymidine. We also observed CSF-contacting neurons and some GFAP+ astrocytes with a single cilium, classical basal body, and an orthogonally oriented centriole, similar to B1 cells in the SVZ. The postnatal timing of higher proliferation together with the distribution of pairs of [ 3 H]thymidine-or bromodeoxyuridine (BrdU)-labeled cells at different time points after injection suggested that proliferation of biciliated cells contributed to central canal length extension during spinal cord growth.
MATERIALS AND METHODS

Animals
CD1-mice (1-13 weeks old) were used in all experiments. Before perfusion, mice were deeply anesthetized with Ketamine/Xylazine injected intraperitoneally (i.p.). The maintenance and use of animals was in accordance with the European Communities Council (86/609/EEC) guidelines, as well as in accordance with guidelines of the UCSF laboratory animal care and use committee.
BrdU and [ 3 H]thymidine injection
To identify proliferating cells by TEM, adult mice received one i.p. injection of [ 3 H]thymidine (1.67 µl/g body weight, specific activity 5Ci/mmol, Amersham Biosciences, Uppsala, Sweden) or BrdU (50 mg/kg body weight) and were perfused 1 hour after injection (n=5 for each treatment). To detect label retaining cells, we injected thymidine analogues as above, but perfused the animals after a 2.5 weeks survival period (n=4 for BrdU). To label more label retaining cells for TEM analysis, another group of mice was injected with [ 3 H]thymidine or BrdU every 12 hours over a one week period, followed by a 2.5 weeks survival period (n=4 for BrdU and n=2 for [ 3 H]thymidine).
Transmission electron microscopy and autoradiography
Mice (n=6) were perfused with 0.9% saline, followed by 2% paraformaldehyde (PFA) and 2.5% glutaraldehyde (EMS). Spinal cords were postfixed overnight in the same fixative and then microdissected into cervical, thoracic and lumbar regions. Spinal cord pieces were cut transversally or longitudinally at 200 µm, post-fixed in 2% osmium for 2 hours, rinsed, dehydrated, and embedded in araldite (Durcupan; Fluka, Buchs, Switzerland). Semithin sections (1.5 µm) were cut with a diamond knife and stained with toluidine blue. To identify individual cell types, ultrathin sections (60-70 nm) were cut with a diamond knife, stained with lead citrate, and examined under a transmission electron microscope (Tecnai Spirit G2, FEI, Netherlands) using a digital camera (Morada, Soft Imaging System, Olympus, Japan).
Adjustment of brightness and contrast of the pictures, if needed, was performed with Adobe Photoshop (Adobe Systems, San Jose, CA).
Three-dimensional reconstruction of three spinal cord segments (cervical, thoracic and lumbar) was performed as previously described (Doetsch et al., 1997) . We photographed every third section for cell composition studies or every section for cilia reconstructions. Digital electron photomicrographs from each level were mounted with Adobe Photoshop and printed. The different cells forming the central canal were traced and numbered on printed reconstructions to facilitate following cell profiles on consecutive photomicrographs.
Autoradiograms were performed on transverse and longitudinal semithin sections (1.5 µm) as described (Doetsch et al., 1997) . Consecutive sections showing labeled cells were selected under a light microscope (Nikon, Eclipse), re-embedded and ultrathin-sectioned for TEM reconstruction as described (Alfaro-Cervello et al., 2010 
Scanning electron microscopy
Adult mice (n=4) were perfused with 0.9% saline and the spinal cords were removed, microdissected into cervical, thoracic and lumbar regions, and then each segment was cut longitudinally in the mid-sagittal plane along the central canal, exposing its ependymal surface. This tissue was immersion-fixed in 2% PFA and 2.5% glutaraldehyde for 1 hour. Tissue blocks were then postfixed in 1% osmium for 1 hour, dehydrated, critical point dried, sputter-coated, and analyzed under the scanning electron microscope (S-4100, Hitachi, Japan).
Immunocytochemistry
Animals were perfused with 0.9% saline followed by 4% PFA. The spinal cords were postfixed overnight in the same fixative, and then microdissected into cervical, thoracic and lumbar blocks. 50 µm sections were cut on a vibratome (Leica).
Primary and secondary antibodies were incubated in phosphate-buffered saline (PBS; pH 7.4) with 0.2% Tx X-100, 5% normal goat serum and 8% BSA for 24 hours at 4°C. Primary antibodies used are listed in Table 1 . Sections for permanent peroxidase staining were incubated for 1 hour in secondary biotinylated antibodies followed by incubation in ABC Elite complex (Vector, Burlingame, CA, USA). The sections were washed, and antibody staining was revealed with 0.05% diaminobenzidine and 0.01% hydrogen peroxide. For fluorescent immunostaining, secondary antibodies conjugated to Alexa Fluor dyes (goat polyclonal, 1:500, Molecular Probes) were used. Confocal images were taken on a Leica SP5 microscope and images were analyzed with the Leica Confocal Software and mounted with Adobe Photoshop.
For pre-and post-embedding stainings, animals were perfused with 0.9% saline followed by 4% PFA and 0.5% glutaraldehyde. GFAP immunostaining on semithin sections was performed as described (Crespo et al., 2003) . Pre-embedding immunogold staining was performed incubating in primary antibodyies (1:100 for anti-Sox2 and anti-GFAP; 1:200 for anti-GFP) and in the appropriate colloidal gold conjugated secondary antibodies (1:50; UltraSmall; Aurion) as described (Alfaro-Cervello et al., 2010) .
Whole mount dissection, immunostaining and microscopy
Spinal cords were freshly-dissected in 37°C Leibovitz media. The spinal cord was longitudinally bisected through the dorsal median fissure, and cut into cervical, thoracic and lumbar blocks. The dissected tissue blocks were fixed in 4% PFA and 0.1% Tx X-100 overnight at 4°C. Primary and secondary antibodies were incubated in PBS with 0.5% Tx X-100 and 10% normal goat serum for 24 hours at 4°C. After staining, the central canal epithelium was further dissected from the underlying parenchyma and thin portions of tissue were mounted on slides. Samples were alcohol dehydrated and covered with DPX mounting medium. Confocal images were taken on a Leica SP5 microscope.
Antibody characterization
BrdU is a thymidine analogue, capable of being incorporated into DNA in place of thymidine during DNA synthesis. Antibodies against BrdU recognize BrdU in single stranded DNA, BrdU coupled to a protein carrier or free BrdU (manufacturer's technical information). Nucleated cells which have had BrdU incorporated into their DNA in S-phase are detected. We did not find labeled cells on sections from mice that had not been injected with BrdU.
The anti-GFAP antibody detects a 51-kDa band from purified spinal cord (Debus et al., 1983) . In crossed immunoelectrophoresis it shows one distinct precipitate (GFAP) with cow brain extract (manufacturer's technical information). In the central canal, this antibody strongly stained cells with the cellular morphology expected for astrocytes described in contact with the lateral ventricles (Doetsch et al., 1997) .
Monoclonal anti-vimentin antibody recognizes an epitope of the cytoskeletal protein vimentin (58 kDa) (manufacturer's technical information). Vimentin was expressed in mouse lateral ventricle ependymal cells in a morphology and pattern identical with previous reports (Mirzadeh et al., 2008) .
The M1/69 antibody reacts with CD24 (Heat-Stable Antigen, HSA or HsAg), a variably glycosylated GPI-anchored membrane protein (manufacturer's technical information). Ependymal cells from the mouse lateral ventricles expressed CD24 on their membrane in a morphology and pattern similar to previous reports (Mirzadeh et al., 2008) .
The phospho-histone H3 antibody is a mitosis marker that recognizes histone H3 when phosphorylated at Ser10. This antibody stains a single band of 17 kD corresponding to phospho-histone H3 on Western blots from colcemid treated HeLa acid extract (manufacturer's technical information). Immunohistochemistry showed that the antibody labeled mitotic cells in areas with high cell proliferation such as the SVZ.
Mouse monoclonal anti-Ki67 detects the Ki67 nuclear antigen, expressed on all proliferating cells during late G1, S, M and G2 phases of the cell cycle (Kee et al., 2002) . This antibody exhibited nuclear immunoreactivity in highly proliferative regions such as the SVZ.
Anti -tubulin antibodies detect a band of 48 kDa in Western blot (manufacturer's technical information). -tubulin is expressed within the microtubule organizing centers or centrosomes in eukaryotic cells (Oakley, 1992 ). -tubulin is also localized in ependymal basal bodies from the mouse lateral ventricles (Mirzadeh et al., 2008) .
Anti -catenin (Sigma) reacts with a 94 kDa protein in extracts of Madin-Darby Bovine Kidney (MDBK) cultured cell line (manufacturer's technical information), and anti -catenin (BD) recognizes a 92 kDa protein on HeLa cell lysate in Western blot (manufacturer's technical information). The -catenin immunoreactivity in the central canal surface was similar to that reported previously in the lateral ventricle whole mount stainings (Mirzadeh et al., 2008) .
The specificity of the anti-GFP antibody has been analyzed by Western blot and immunohistochemistry using transgenic mice expressing the GFP gene product (manufacturer's information).
Anti-NeuN recognizes 2 to 3 bands in the 46-48 kDa range and another band at approximately 66 kD in Western blots of the rat brain. The antigen is expressed by mature neurons in the adult mouse dentate gyrus (Brandt et al., 2003) . Mouse spinal cord motoneurons were strongly labeled with this antibody. Doublecortin (DCX) was detected with a rabbit polyclonal anti-DCX antibody raised against a 16-amino acid synthetic peptide. According to the manufacturer, when tested by Western blot, this antiserum detects a 40-45-kDa band in mouse brain lysates. Migrating neuroblasts in the mouse SVZ were stained with this antibody as described (Brown et al., 2003) .
The nestin antibody was described to label neuroepithelial progenitor cells by immunohistochemical analysis (Hockfield and McKay, 1985; Lendahl et al., 1990) . In Western Blot, the antibody recognizes a band of 200-220 kDa in newborn rat or mouse cell extracts (manufacturer's technical information). This antibody gave us a staining pattern as reported previously in neural precursor cells in the mouse SVZ (Gritti et al., 1996) .
Sox2 is an HMG box transcription factor, which is expressed in neural progenitor cells (Komitova and Eriksson, 2004) . On western blots of whole cell or nuclear extracts, the antibody recognizes a 34 kDa band corresponding to Sox2 that is not observed in cytosolic extracts (manufacturer's technical information). This antibody recognized cell nuclei in the mouse SVZ as described (Komitova and Eriksson, 2004) .
The 13A4 monoclonal antibody recognizes the extracellular domain of mouse Prominin-1/ CD133, a 115-120 kDa pentaspan transmembrane (5-TM) domain glycoprotein. Prominin-1 is expressed in the apical membrane of embryonic radial glial cells (Weigmann et al., 1997) . Both ependymal cells and GFAP+ stem cells from the lateral ventricles were shown to express CD133 (Mirzadeh et al., 2008) .
Ependymal flow movies
Whole mounts of the central canal were freshly dissected and placed in 37°C Leibovitz media under a fluorescent stereomicroscope and fluorescent microbeads (2 µm) were deposited onto the central canal surface as described (Mirzadeh et al., 2010) . Flow of microbeads was recorded using a Retiga 2000R high speed digital camera plugged into OpenLab imaging software (Improvision), with an acquisition rate of 10 frames per second.
Cell counting
To analyze the position of BrdU+ cells in the central canal, we used a radial template dividing the canal into 16 sectors. We photographed sections separated by ~250 µm (7-19 sections per region per animal) using a 100× immersion objective. The template was superimposed on the central canal image with the center of the template in the canal center. We defined 8 regions from dorsal to ventral as follows: dorsal, dorsolateral, lateral 1 to 4, ventrolateral and ventral. Statistical analyses were performed with Student's t-test or ANOVA followed by Tukey post-hoc test, with results considered significant at P < 0.05.
RESULTS
We first characterized the different cell types in contact with the central canal of 2-3 month old mice. Interestingly, characteristic multiciliated ependymal cells with large numbers of cilia were not observed. We have used multiple techniques to look for classical ependymal cells with large bundles of cilia (Mirzadeh et al., 2008; Spassky et al., 2005) , including scanning electron microscopy (SEM) and immunocytochemistry of whole mount open canal preparations, but have not observed these cells in adult mice. Instead the most common cell type in this epithelium had two cilia with some similarities (see below) to E2 cells recently described in the lateral ventricular wall (Mirzadeh et al., 2008) . We also observed smaller subpopulations of cells with 1, 3 and 4 cilia. All these cells were highly polarized, had lipid droplets and other characteristic ependymal features (see below) and we will refer to them as central canal ependymal (Ecc) cells. In addition, we found smaller populations of cells in contact with the central canal that had characteristics of astrocytes or neurons. Semithin and TEM sections also showed microglia next to the epithelial layer.
Central canal ependymal (Ecc) cells
In toluidine blue-stained semithin sections, cells around the central canal were organized as a pseudostratified epithelium. In the cervical spinal cord, the central canal was typically round or oval. At thoracic and lumbar levels, the central canal was usually obliterated (collapsed) and showed a dorsoventrally elongated shape ( Fig. 1A-B) . However, the cell types observed and their general organization was similar at cervical, thoracic and lumbar levels of the spinal cord. The region around the central canal was highly vascularized, with numerous vessels running longitudinally next to the epithelium. Central canal cells frequently had radial expansions, some of which made contacts with blood vessels (Fig. 1C ).
We next studied the central canal by SEM and TEM. SEM of spinal cord, fractured longitudinally or transversely, demonstrated that many of the cells surrounding the central canal had long radial processes (Fig. 1D ). Ecc cells' radial processes were also identified by TEM. However, a subpopulation of cells on the lateral walls of the central canal, reconstructed in serial ultrathin sections, did not have these radial processes. These more globular cells were also observed under SEM (Fig. 1D ). Ecc cells under TEM had a pseudostratified organization (Fig. 1E ) and electron-dense cytoplasm rich in intermediate filaments (Fig. 1F) . These cells had a characteristic horse-shoe shaped Golgi apparatus polarized with the cis-side towards the lumen (Fig. 1G ), numerous dark mitochondria throughout the basal and apical cytoplasm, and apically located lipid droplets. The rough endoplasmic reticulum (RER) was small with few free ribosomes. Nuclei were mostly located in the apical row of the pseudostratified epithelium. The chromatin was condensed in small clumps, with 3 to 4 nucleoli associated with the nuclear envelope. Long zonulae adherens junctions with a beaded appearance comprised of electron-dense clumps alternating with thin tightly apposed electron-dense membranes were observed between adjoining cells (Fig. 1H ). Intercellular spaces and deep interdigitations were also observed on the apical surface of Ecc cells. An extended network of basal lamina, similar to that observed in the walls of the lateral ventricles (Mercier et al., 2002) , was observed between Ecc cells and on the basal side of these cells (Fig. 1I ), as well as on their expansions in contact with blood vessels' basal lamina (Fig. 1J) . Interestingly, Ecc cells frequently contacted neurons surrounding the central canal basally (not shown).
On the most dorsal and ventral tips of the central canal, ependymal cells had a characteristic morphology. They showed a very long radial expansion containing intermediate filaments running towards the pial surface of the spinal cord. Dorsally located radial processes from Ecc cells were particularly long. However, we do not know if these cells reached the pial surface. These radial expansions were partly isolated from adjacent structures by astrocytic expansions. These cells always presented a very narrow contact with the central canal, had a very large Golgi apparatus, and an elongated nucleus that was invaginated, with its long axis parallel to the dorsoventral axis of the canal. In addition, we occasionally observed displaced Ecc cells (not shown). These cells did not contact the lumen, but displayed morphological characteristics of ependyma: similar cytoplasm, organelles, basal lamina, junction complexes, microvilli and internalized cilia and basal bodies.
In summary, most cells contacting the central canal showed similar features (Ecc cells): electron-dense cytoplasm rich in intermediate filaments, a nucleus with small chromatin clumps, and a radial expansion. The ultrastructural properties of cells forming the central canal in adult mice are summarized in Table 2 . Next we performed a comprehensive analysis of the apical surface of Ecc cells using serial ultrathin section (60-70 nm) reconstructions.
Ciliary structure of Ecc cells
Serial sections and three-dimensional reconstructions of the apical surface of Ecc cells allowed us to study their ciliary structure. Most Ecc cells had 2 cilia associated to two unique large electron-dense basal bodies (Fig. 1K ). The cilia of biciliated cells were long (7-9 µm) and had a 9+2 microtubule axoneme structure ( Fig. 2A) . Interestingly, the proximal segment of the cilium was invaginated, with specialized electron-dense apposing membranes close to the structures anchoring the basal body. The basal body had a unique structure different from that associated with cilia of E1, E2 or B1 cells or other cell types previously described around the ventricular system (Doetsch et al., 2002; Mirzadeh et al., 2008; Spassky et al., 2005) . Ecc basal bodies were not associated to a daughter centriole, as observed with the primary cilium in B1 cells of the lateral ventricle (Doetsch et al., 2002; Mirzadeh et al., 2008) . Instead, in these cells it appeared that both centrioles were associated to complex pericentriolar electron-dense particles with a lobular configuration similar to that observed in E2 cells of the lateral ventricles (Mirzadeh et al., 2008) . The pericentriolar material makes Ecc basal bodies much larger than E1 cell basal bodies, but smaller than those in E2 cells (Mirzadeh et al., 2008) . In tangentially cut sections (i.e. en face -cut parallel to the luminal surface), the complex and electron-dense material associated to Ecc basal bodies appeared to be organized into multiple (up to six) radial spikes (Fig. 2B) . However, the electron-dense pericentriolar material in Ecc cells basal bodies was not always compact. In some cells it appeared fragmented (see Fig. 8P and OT), possibly associated with transitional forms in the assembly or disassembly of these structures. Ecc basal bodies were also associated to long striated ciliary roots. These ciliary roots were closely linked to mitochondria.
En face TEM of the central canal confirmed that most Ecc cells had 2 cilia associated with specialized basal bodies as described above. Among neighboring Ecc cells, the basal bodies were usually oriented in the same direction with similar distances between basal bodies of adjacent cells (Fig. 2D) . To analyze greater portions of ependymal surface, we performed whole mount immunostaining for -catenin, to delineate cell borders, and -tubulin, to label the basal bodies. En face imaging of the central canal surface with confocal microscopy confirmed that most of the cells on the ventricular surface had two long cilia with large donut-shaped basal bodies (Fig. 2E) . Quantification of the number of cilia on Ecc cells showed that most contained two basal bodies (77,88±1,54%). 11,99±1,61% had one cilium, 4,11±1,46% three cilia and 6,02±0,95% four cilia. SEM also confirmed these observations showing that most cells in contact with the central canal had two long cilia (Fig. 2C) .
We then reconstructed the apical surface of 61 Ecc cells using TEM. For this, 60-70 nm ultrathin sections of the entire apical surface were serially collected in slot grids. Every third section was studied at the TEM. This analysis confirmed that the majority (81,97%) of Ecc cells had 2 cilia and associated complex basal bodies with no daughter centrioles. A small population of Ecc cells (6,56%) had only one cilium. These cells had associated to their large basal body a single 9+2 cilium similar to those observed in the biciliated cells. The basal body and cilia of these uniciliated Ecc cells was very different than that of uniciliated B1 cells of the lateral ventricular walls (Doetsch et al., 2002; Mirzadeh et al., 2008) or astrocytes around the central canal (see below). Essentially, the ultrastructure of these uniciliated cells was the same as described above for biciliated Ecc cells. A smaller proportion (4,92%) of the Ecc cells had 3 cilia and another (4,92%) had 4 cilia. In a small percentage of cells (1,64%) we could find no cilia in the reconstructed apical processes. In summary, Ecc cells had a unique apical structure. Most of them had 2 cilia, but subpopulations of cells also had 1, 3 or 4 cilia.
Interestingly, we noticed that cells with 4 cilia were generally larger in size compared to other Ecc cells, with a wider apical surface and more abundant cytoplasm. These cells had 4 complex basal bodies similar to those in biciliated cells and lacked daughter centrioles. Using serial ultrathin sections of 6 cells with 4 cilia, in which the entire cell was contained within our serial reconstruction, we made an unexpected observation: all six Ecc cells with 4 cilia had two nuclei ( Fig. 2F-G) . Using the serial section series, we confirmed that the two nuclei were in fact distinct structures and not simply corresponding to a single bi-lobulated nucleus. In some binucleated cells, both nuclei were observed in the same epithelium row, while in other cases nuclei appeared in different rows at different distances from the central canal lumen. Of note, one of the two nuclei appeared to have a higher concentration of condensed chromatin compared to the other. Confocal reconstructions of immunostained whole mounts confirmed that cells with 4 basal bodies had 2 nuclei (Fig. 2H) . These binucleated cells were not rare, and were found in all studied spinal cord regions along the rostrocaudal and dorsoventral axes. To our knowledge, this is the first description of binucleated ependymal cells.
A recent study in zebrafish showed direct evidence for cilia-driven CSF flow in the central canal (Kramer-Zucker et al., 2005) . Interestingly, this study showed that central canal cilia in zebrafish have a (9+0) axoneme. Based on high-speed videomicroscopy, the authors suggested that these cilia move with a rotatory pattern, similar to nodal (9+0) cilia in the early embryo (Nonaka et al., 1998) . Early studies of the central canal ependyma in mammals provided indirect evidence for CSF flow: following intraventricular dye injection, the central canal was analyzed at various time points to determine the luminal passage of dye (Bradbury and Lathem, 1965) . Direct evidence based on dynamic imaging, however, is lacking in mammals. Based on the 9+2 microtubule organization of Ecc cilia and the abundant mitochondria in their apical cytoplasm, we hypothesized that these cilia were motile. To test their motility, we microdissected spinal cords longitudinally to expose the central canal surface, onto which we deposited fluorescent beads (2 µm) using a micropipette (Mirzadeh et al., 2008) . After allowing the preparation to stabilize, the beads located along the central canal, and only those along the central canal moved longitudinally (Suppl. Movie). Occasionally, we observed beads that became attached to the motile cilia and moved rapidly back-and-forth, reflecting the motion of the cilia themselves. This back-and-forth motion was in contrast to the rotatory motion observed in zebrafish central canal cilia (KramerZucker et al., 2005) , and is consistent with the normally whip-like beating of (9+2) cilia.
Astrocytes and neurons in contact with the central canal
In addition to Ecc cells, our TEM analysis revealed subpopulations of astrocytes and neurons in contact with the central canal ( Fig. 3 and Table 2 ). Central canal contacting astrocytes (Acc) were readily distinguished from Ecc cells based on their ultrastructural properties. They had light cytoplasm and thick bundles of intermediate filaments. In contrast to intermediate filaments in Ecc, which had a clumped organization, intermediate filaments in Acc cells were homogenously distributed within the cytoplasm. Furthermore, Acc cells did not have lipid droplets, they had large and round mitochondria, a sparse Golgi apparatus, and nuclei with irregular borders and frequent invaginations that contained lax chromatin in large clumps and 1 to 2 nucleoli. Acc cells contacted the central canal through a thin process and had a primary cilium with a typical basal body and associated daughter centriole (Fig.  3A) . Acc cells were observed in the lateral as well as dorsal and ventral regions around the central canal.
As previously described (Marichal et al., 2009; Vigh et al., 2004) , we observed many thin neuronal processes containing parallel bundles of microtubules (Fig. 3F-G) intercalated between Ecc cells at cervical, thoracic, and lumbar levels of the spinal cord. Interestingly, the processes of central canal contacting neurons (Ncc) ended inside the central canal lumen with a globular expansion containing numerous pleomorphic vesicles. These globular expansions, which were observed at all dorsoventral locations studied, were rich in mitochondria (Fig. 3G) . The cytoplasm of these neurons was less electron-dense than Ecc cells and contained abundant RER, free ribosomes and vesicles, and no intermediate filaments or lipid droplets. Golgi and mitochondria in Ncc cells were elongated as in Ecc cells. The nucleus was round with small chromatin clumps associated to the nuclear envelope and contained 1 to 2 nucleoli. Ncc cells received axo-somatic synaptic contacts (Fig. 3H) , and expressed the immature neuronal marker DCX (Fig. 3L-M) , further confirming their neuronal identity, but not NeuN. In their basal cytoplasm, Ncc cells contained a single cilium with an orthogonally oriented centriole (Fig. 3J-K) .
Finally, we found a rare subpopulation of basally located cell bodies (beneath the ependymal layer) with typical astrocytic ultrastructure, including bundled intermediate filaments and light cytoplasm, which had a thin process contacting the central canal. Interestingly, rather than extending the typical primary cilium from the apical surface of this process, like Acc cells, these cells extended 2 (9+2) cilia and large basal bodies with no evidence of a centriole. We only encountered two examples of these cells, indicating that they are extremely rare.
Molecular markers
To further characterize the different types of cells present in the epithelium surrounding the central canal, we performed immunocytochemistry in 50µm vibratome sections and imaged with confocal microscopy. The intermediate filament vimentin was observed in the cytoplasm of most cell bodies in the central canal epithelium and in some of the radial processes (Fig. 4A) . In contrast, only a subpopulation of the cell bodies surrounding the central canal expressed high levels of GFAP (8,7±1,4%) (Fig. 4B) . A subpopulation of cells strongly expressed GFAP and vimentin in long processes that reached quite a distance from the central canal (Fig. 4C) . In fact, most of the strongly GFAP+ cells were also vimentin+ and these cells were preferentially located in the lateral and ventral regions surrounding the central canal, while GFAP+ cells not expressing vimentin tended to accumulate wedged in the dorsal region. In addition, light GFAP staining was observed in most of the cells surrounding the central canal. This pattern of staining for intermediate filaments was similar at all rostrocaudal levels of the spinal cord studied (cervical, thoracic and lumbar).
The majority of cells around the central canal (94,04±0,93%) expressed CD24 (Fig. 4D) , a cell surface marker of differentiated ependymal cells (Mirzadeh et al., 2008) . CD24 was highly expressed in the apical surface, with lower level expression around the perimeter of cell bodies. A small subpopulation of CD24-cells was present in the dorsal wedge of the central canal, coinciding with the region of GFAP+/vimentin-cells (see above); consistently, about half (45,1±14%) of all CD24-cells were GFAP+ (Fig. 4F) .
Nestin, an intermediate filament typically found in neural precursor cells, was expressed predominantly in the dorsal and ventral regions of the central canal. Labeled cells exhibited very long radial processes, especially at the dorsal region (Fig 4G) . Frequently, nestin+ cells also expressed GFAP (Fig. 4I) .
FoxJ1 is considered a marker for ciliated epithelia and the ependymal cell lineage (Huang et al., 2003; Meletis et al., 2008) . However, a recent report indicates that a subpopulation of FoxJ1 expressing cells in the walls of the lateral ventricle correspond to astrocytes (Jacquet et al., 2009 ). The expression of FoxJ1 was studied in mice expressing Cre under the FoxJ1 promoter (Zhang et al., 2007) crossed to Z/EG mice, which express EGFP after Cre recombination. In the FoxJ1::Cre;Z/EG mice, ~20% of central canal epithelial cells were GFP+, with no labeled cells found in the parenchyma. FoxJ1+ cells also expressed vimentin and CD24 (Fig. 4L and 4O ). Using whole mount staining, we observed that GFP+ cells had two complex basal bodies characteristic of Ecc cells (Fig. 5A-C) . Furthermore, we used preembedding immunogold staining to confirm that FoxJ1+ cells corresponded to Ecc cells ( Fig. 5D-G) .
To correlate the above marker expression with the different cell types identified by TEM, 50 µm vibratome sections were immunostained, embedded in plastic, and sectioned at 1.5µm intervals. Selected sections were re-sectioned at 60-70 nm for TEM. This pre-embedding immunostaining analysis revealed that vimentin+ cells had two large electron-dense basal bodies, two (9+2) cilia, and a radial process in contact with basal lamina and blood vessels (Fig. 5H-J) . These are characteristics of Ecc cells described above. GFAP-labeled cells, in contrast, had light cytoplasm and Acc ultrastructure. Some GFAP+ cells displayed a single cilium with an orthogonally oriented centriole ( Fig. 3C-E) . Semithin immunostaining confirmed that a subpopulation of subependymal GFAP+ cells contacted the canal lumen through thin processes (Fig. 3B) . Light GFAP immunogold staining was also observed in Ecc cells, consistent with the light microscopy analysis (see above).
We next performed pre-embedding immunostaining for additional glial and neural stem cell markers previously detected in the central canal, in order to correlate them with the different cell types identified. Electron microscopy analysis of nestin labeled cells showed that they contained a single cilium with a centriole, characteristics of the GFAP+ astrocytes that contact the central canal as described above (Fig. 5K-L) . Prominin-1/CD133, a surface marker previously detected both in ependymal cells and astrocytes from the lateral ventricles (Mirzadeh et al., 2008) , was detected on the entire surface of the central canal, as previously described (Meletis et al., 2008) . Pre-embedding immunostaining confirmed that Ecc cells expressed CD133 on their surface (Fig. 5M-O) . Because central canal astrocytes are less frequent and contact the lumen through a thin process with a narrow surface, and CD133 staining was widespread on the canal surface, it was not possible to clearly identify the presence of CD133 in astrocytes. As previously reported in the mouse (Meletis et al., 2008) and human (Dromard et al., 2008) spinal cord, we detected high expression of the transcription factor Sox2 in cells contacting the central canal. Sox2 was present in the nuclei of Ecc and Acc cells (Fig. 5P-Q) .
In situ proliferation and newly generated cells
Proliferation around the central canal was studied using Ki67 and BrdU immunostaining and [ 3 H]thymidine autoradiography. In accordance with previous studies (Horner et al., 2000) , we found that proliferation around the central canal was extremely rare. Sporadic Ki67 (one labeled cell in about six 50 µm sections) or rare phospho-histone H3 positive nuclei were observed (not shown).
One cell was caught in mitosis and was studied in detail in serial sections by TEM (not shown). The chromatin had condensed into typical aggregates seen in mitotic cells without a nuclear envelope. Part of the centrosome was observed basally. Similar to Ecc cells, the mitotic cell was in direct contact with the canal, and showed contact with basal lamina. Apically we observed two basal bodies with associated electron-dense particles, suggesting a dynamic rearrangement of these particles to or from the basal bodies.
To quantitatively assess the proliferation of central canal cells in the adult mouse, we injected BrdU either 1 hour prior to sacrifice, to label actively proliferating cells, or 2.5 weeks prior to sacrifice, to label newly generated cells (Fig. 6A) . We found no difference in the distribution along the rostrocaudal axis of either proliferating cells (1 hour survival) or newly generated cells (2.5 weeks survival) around the central canal (Fig. 6B-C) . As it is possible that different cell densities along the central canal could affect the number of cells detected in each region, we analyzed the proportion of labeled cells from the total central canal cells, and found no difference in proliferation along the rostrocaudal central canal (not shown).
We also compared the number of labeled cells within the central canal epithelium to labeled cells in the whole spinal cord, including the parenchyma, at 1 hour and 2.5 weeks postinjection. There were no significant differences in the percentage of labeled cells in the central canal epithelium at 1 hour vs. 2.5 weeks post-injection, with 4.31%±0.61 of BrdUlabeled cells within the central canal epithelium at 1 hour and 5.52%±2.38 at 2.5 weeks (Fig.  6D ). We observed a significant increase in the number of labeled pairs of cells at 2.5 weeks vs. 1 hour in the central canal (7.82%±4.09 at 1 hour and 86.14%±8.51 at 2.5 weeks) (Fig.  6E) . In contrast, in the spinal cord parenchyma, only a small increase in pairs of BrdU labeled cells was observed (3.66±1.16% at 1 hour and 6.29±2.24% at 2.5 weeks). This suggests that daughter cells around the central canal tend to maintain their position in the epithelium after division, while daughter cells in the parenchyma move away from each other after division. Of note, the number of labeled cells did not significantly increase between 1 hour and 2.5 weeks in either the central canal or in the parenchyma (Fig. 6F-G) . This may be due to the dilution of BrdU or to cell death.
To investigate the location of BrdU-labeled cells along the dorsoventral axis, we analyzed their distribution using a template of eight dorsoventral radial sectors as described above (Fig. 6H-K) . Labeled cells were observed all around the central canal, but with increased frequency in the dorsal and ventral sectors compared to lateral sectors. This difference was maintained at both survival time points, consistent with cells not migrating or dispersing after division.
Identification of proliferating and newly generated central canal cells
Double immunostaining for an ependymal marker, either vimentin or CD24, and BrdU (1 hour survival post-injection) suggested that ependymal cells were proliferating in the central canal. In cross sections of the spinal cord, 80% of BrdU-labeled cells in the central canal epithelium expressed CD24, and 20% expressed GFAP (Fig. 7A-C) . This suggested that Ecc cells were incorporating BrdU. Consistently, whole-mount immunostaining showed BrdU+ cells with two donut-shaped basal bodies at their apical surface (2 hours postinjection) (Fig. 7G-I ). To label daughter cells, we performed similar immunostaining in samples from mice that received 14 injections of BrdU (12 hours between injections) with a 2.5 weeks survival period after the last injection (Fig. 6A) . Double immunofluorescence showed that 96% of BrdU+ cells in the central canal epithelium expressed CD24 (Fig. 7D ).
Approximately 14% of the BrdU+ cells expressed GFAP (Fig. 7E-F) . Since cells in the central canal are so densely packed and because immunostaining in conjunction with light and confocal microscopy do not have the resolution to clearly distinguish apical structures, we used [ 3 H]thymidine and autoradiography to clearly identify individual dividing central canal cells by TEM.
Dividing central canal cells are extremely rare in the adult. Therefore, we used autoradiograms on both transverse and longitudinal sections of the canal. This allowed us to study a larger sample of labeled cells. A single injection of [ 3 H]thymidine was used with a survival of 1 hour. [ 3 H]thymidine-labeled nuclei close to the central canal were identified in semithin sections (608 total sections analyzed across 5 mice). In order to consider a cell labeled, six or more autoradiographic grains needed to be present over the nucleus. More importantly, the nucleus had to be labeled in at least three consecutive serial 1.5 µm sections. All contiguous semithin 1.5 µm sections with labeled nuclei close to the central canal were re-embedded, thin sectioned (60-70 nm) and serially reconstructed for TEM analysis. Fourteen cells around the central canal were labeled according to the above mentioned criteria and contacted the canal lumen. All these cells had ultrastructural characteristics of Ecc cells, such as dark cytoplasm, often with a radial expansion. Most of them (11 of 14) contained two cilia with characteristic large, complex electron-dense basal bodies and 9+2 microtubular axonemes (Fig. 8A-B ). Of these fourteen cells, one had only one cilium with a large basal body (Fig. 8C) , and in two we could not find complete cilia, but instead several electron-dense particles, some of them resembling basal body pieces (Fig. 8D) . Interestingly, 8 of the 14 labeled Ecc cells contained electron-dense particles in their apical cytoplasm, near the basal bodies (Fig. 8R ). Sometimes these electron-dense particles were large and very similar to parts of the large basal bodies present in these cells, possibly indicating reassembly or disassembly of these structures. [ 3 H]thymidine-labeled cells were found in both dorsal and ventral regions around the central canal and showed a similar morphology irrespective of their location. Labeled cells were closely associated to basal lamina around their basolateral cell membrane and around blood vessels. Frequently, labeled cells displaying morphological characteristics of microglia, electron-dense cytoplasm, abundant RER and lysosomes, and a nucleus with clumped chromatin, were detected close to the central canal (not shown). We did not find [ 3 H]thymidine-labeled astrocytes or neurons in the central canal.
We next reconstructed for TEM analysis labeled cells around the central canal of mice that received 14 injections of [ 3 H]thymidine (12 hours between injections) and a survival of 2.5 weeks after the last injection, comparable to the analysis of BrdU-labeled cells at the confocal microscope (Fig. 6A) . Twenty-one [ 3 H]-labeled cells in contact with the canal were studied and all corresponded to Ecc cells with one or two large basal bodies. Of these 21, 12 cells had 2 cilia (Fig. 9A ) and 7 cells displayed 1 cilium (Fig. 9B) . Intriguingly, we found one labeled cell with 4 cilia and were unable to determine the number of cilia on the remaining labeled Ecc cell. In accordance with the BrdU study, most (15 of 21) of the [ 3 H]-labeled cells studied were in pairs. We did not find labeled microglia, neurons or astrocytes in the central canal 2.5 weeks after [ 3 H]thymidine injections. Interestingly, in contrast with mice that had the short (1 hour) survival, in mice that survived 2.5 weeks after [ 3 H]thymidine labeling, we did not observe the electron-dense particles resembling parts of the basal body very frequently.
These results indicate that the majority of cells dividing around the central canal in young adult mice (2-3 month old) correspond to a specialized central canal form of ependymal cell (Ecc) with one or two cilia. Under normal conditions the majority of these cells appear to remain in the epithelium of the central canal after division suggesting that they are part of an extremely slow process of Ecc replacement or addition.
Proliferation of Ecc cells correlates with spinal cord growth
As Ecc cells proliferate in situ and give rise to Ecc cells that remain in the central canal, we hypothesized that this proliferation could be associated to the tail-end of spinal cord growth. We determined the length of the spinal cord in mice between 1 and 13 weeks after birth. As expected based on the size of the animals, the spinal cord grows in length dramatically during this period (2.54±0.03 to 5.45±0.08 cm), with the rate of growth decreasing as the animals reach their adult weight (Fig. 10A) . We next investigated how the number of dividing cells around the central canal changes with age. Mice between 1 and 13 weeks of age received a single injection of BrdU and were killed 1 hour post-injection. The number of labeled cells around the central canal was studied in longitudinal sections (Fig. 10C-D) . The number of proliferating central canal cells was highest in the youngest mice and decreased progressively with age. By 13 weeks, very few dividing cells were observed. The decrease in central canal proliferation closely paralleled the decrease in spinal cord growth (Fig.  10B) .
DISCUSSION
In this study we used TEM serial reconstruction and immunocytochemistry to characterize the different cell types in contact with the central canal of young adult mice. We identified a specialized population of biciliated ependymal cells that exhibit cell division correlated to postnatal elongation of the spinal cord. These central canal ependymal (Ecc) cells typically had only 2 long cilia, but occasionally we found them with 1, 3 or 4 cilia. These cells had very large basal bodies, resembling those recently observed in E2 cells in the forebrain (Mirzadeh et al., 2008) . Additionally, we found a subpopulation of central canal astrocytes (Acc) with a single primary cilium and neurons (Ncc) in contact with the central canal (Fig.  11 ). This cellular organization was maintained in the cervical, thoracic and lumbar spinal cord.
Ecc cells are the major cell type of the central canal epithelium
Our data suggest that Ecc cells are a subtype of ependymal cell, similar to forebrain E2 cells, because they have long motile cilia (9+2 axoneme structure) with large electron-dense basal bodies, microvilli, junction complexes, and ependymal lipid droplets (Peters et al., 1991) . Ecc cells were the most common cell type found in the central canal and most of these cells were biciliated. Live imaging of whole mount preparations showed that cilia in Ecc cells were motile. Consistently, these cilia had 9+2 microtubule organization, similar to motile cilia of classical multiciliated ependymal cells (Bruni, 1998; Satir and Christensen, 2007) . We did not find multiciliated ependymal cells in the central canal similar to those in the lateral ventricles. The small diameter of the mouse central canal may, in part, explain the absence of multiciliated ependymal cells. Other species with larger central canals, such as the rabbit, have ependymal cells with multiple cilia (Nakayama and Kohno, 1974) .
Ecc cells in mice had a ciliary basal body that is very different to that of multiciliated ependymal cells, including E1 cells in the rodent forebrain (Mirzadeh et al., 2008; Spassky et al., 2005) . The basal body of Ecc cells resembles that of E2 cells in the walls of the lateral ventricles (Mirzadeh et al., 2008) . This suggests that Ecc cells of the central canal and E2 cells in walls of the lateral ventricle may share developmental and cellular specification programs. However, in contrast to Ecc cells, E2 in the walls of the lateral ventricles cells do not appear to divide in the adult brain (Mirzadeh et al., 2008) . In addition, unlike some Ecc cells that had 1, 3 or 4 cilia, E2 cells have not been observed with only one cilium (Mirzadeh et al., 2008) .
Ecc cells divide
Our results show that proliferating cells in the walls of the central canal in adult mice are extremely rare, but most, if not all, of the proliferating cells under normal conditions correspond to Ecc cells. This is consistent with recent work indicating that ependymal cells with 1-3 cilia are proliferative in the central canal of adult mice (Meletis et al., 2008) . The potential to proliferate and the number of cilia might be a key difference between Ecc and E1 multiciliated ependymal cells from the lateral ventricles. It is controversial whether ependymal cells with large number of cilia can divide. Some studies suggest that ciliated ependymal cells can divide in vitro and generate other glial cells (Chiasson et al., 1999; Laywell et al., 2000) . Consistently, our results indicate that cells with one or two motile cilia can proliferate in vivo. However, in vivo evidence suggests that E1 ependymal cells in the walls of the lateral ventricle do not proliferate in the adult mouse (Mirzadeh et al., 2008; Spassky et al., 2005) . Like other multiciliated epithelial populations in the body (Dirksen, 1971; Komatsu and Fujita, 1978; Otani et al., 1986; Rawlins et al., 2007) , the large number of cilia in these cells may be incompatible with cell division. In multiciliated cells with bundles of up to 300 long motile cilia and associated small specialized basal bodies (Rawlins et al., 2007) , the centrosomal organization for cell division may be irreversibly lost. It is therefore intriguing that biciliated Ecc cells enter the cell cycle and likely regenerate daughter centrioles during G2 and mitosis.
Interestingly, in our serial TEM reconstruction of [ 3 H]thymidine-labeled and unlabeled Ecc cells, we could not detect centrioles, which usually are considered essential for normal cell division (Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001; Marshall, 2007) . Notable exceptions are cells in flies and mouse fibroblasts, which have been shown to divide without centrioles (Basto et al., 2006; Khodjakov et al., 2000) . We frequently observed that the apical cytoplasm of Ecc cells, shortly after [ 3 H]thymidine incorporation, contains many electron-dense particles that resembled basal body fragments, suggesting dynamic changes and possibly assembly and disassembly of these structures. It is possible that among these dense bodies some basic centriolar organization may be present and difficult to identify by serial reconstruction analysis. In one instance, 1 hour after thymidine injection we did observe a labeled cell with two structures, one adjacent to each of the two basal bodies, resembling emerging daughter centrioles (not shown). Centrioles in Ecc cells may be very short lived and we may have missed them in most cells. An alternative and intriguing possibility is that the two basal bodies, each associated to a cilium in Ecc cells, could act as centrioles during cell division without undergoing duplication. Consistently, some pairs of labeled Ecc cells observed at longer survivals after thymidine injection each had only one cilium. Moreover, we found several examples of Ecc cells with two nuclei in the walls of the central canal in adult mice. Binucleated neurons have been previously described in the adult brain (Alvarez-Dolado et al., 2003; Das, 1977; Magrassi et al., 2007) , but to our knowledge this is the first description of binucleated cells in the ependymal layer. These cells could form through a cell fusion process, as described in the cerebellum for Purkinje neurons (Alvarez-Dolado et al., 2003) . Alternatively, binucleated cells could be derived from dividing cells that failed to complete cytokinesis. Consistent with this possibility, we observed [ 3 H]thymidine-labeled Ecc cells with four cilia 2.5 weeks after injection. Interestingly, a recent study by Anastas et al. in the developing cortex of mice deficient in Citron kinase, that have defective cytokinesis, results in the formation of neurons with multiple nuclei, centrioles and cilia (Anastas et al., 2011) .
Central canal cells proliferated and remained in the central canal forming pairs. We did not find cells ([ 3 H] thymidine labeled or unlabeled) with the morphology of migrating cells, and the percentage of labeled central canal cells with respect to the total number of labeled cells in the spinal cord was similar after 1 hour or 2.5 weeks. The dorsoventral distribution of labeled cells was also maintained. Proliferation was not different along the cervical, thoracic and lumbar central canal, and did not vary with time. Therefore, it seems that basal Ecc proliferation does not substantially contribute to cells that migrate into the spinal cord parenchyma to differentiate into neurons and glial cells. This is consistent with a recent report using lineage tracing analysis of ependymal cells in the central canal of normal mice (Meletis et al., 2008) . Instead the proliferation of Ecc cells was correlated with the dramatic postnatal growth of the spinal cord and corresponding lengthening of the central canal. We therefore conclude that Ecc cell proliferation may be part of the mechanism associated with the continual growth of the spinal cord after birth. However, we cannot exclude the possibility that some progeny from proliferating Ecc cells, especially during the period of rapid proliferation in juvenile mice, migrate away from the epithelium and contribute to cells in the spinal cord parenchyma.
It has been suggested that ependymomas, tumors with some ependymal characteristics, are derived from cells with radial glial properties (Poppleton and Gilbertson, 2007) . Ependymomas are found in periventricular regions, generally in the fourth ventricle, and are the most frequent spinal cord glioma, but are rare in the forebrain (Russell and Rubinstein, 1977) . This could be related to the differential proliferative capacity of lateral ventricle vs. central canal ependymal cells. The present findings reveal a specialized type of ependymal cell in the central canal (Ecc) that continues to divide, albeit at slow rates, postnatally and could serve as the cell of origin for some ependymomas. It will be interesting to determine whether ependymomas share any of the characteristics we describe here for Ecc cells.
The proliferative capacity of central canal astrocytes
We found proliferating cells circumferentially around the central canal, but these cells were more common in the dorsal and ventral regions. Consistently, other studies have found increased incidence of Ki67+ cells dorsally, in a region of higher nestin expression (Hamilton et al., 2009) . It has been suggested that these cells may correspond to neural stem cells. We found that nestin was expressed in GFAP+ astrocytes, but not in Ecc cells. Following a lesion or growth factor infusion, the expression of nestin is up-regulated (Martens et al., 2002; Mothe and Tator, 2005) and it is possible that, under these conditions, Ecc cells would start expressing this intermediate filament. One study (Sabourin et al., 2009) suggested that GFAP+ cells in the walls of the central canal can give rise to neurospheres in vitro, and could therefore correspond to in vivo stem cells. While we did observe a population of astrocytes contacting the central canal with a primary cilium, similar to the primary precursors in the lateral ventricle SVZ (Doetsch et al., 2002) , we did not observe these cells proliferating under normal conditions. A robust proliferative response around the central canal has been shown after spinal cord lesioning (Beattie et al., 1997; Mothe and Tator, 2005; Namiki and Tator, 1999) . It has been suggested, using lineage tracing experiments, that this response to injury is mediated by ependymal cells, which are activated and possibly give rise to parenchymal glial cells that migrate away from the epithelium (Meletis et al., 2008) . Alternatively, central canal astrocytes may become activated in the setting of injury. We cannot rule out the possibility that central canal astrocytes are a quiescent progenitor cell population that divides infrequently and went undetected in the present study. We also cannot exclude the possibility that dividing Ecc cells under certain conditions could give rise to astrocytes.
Central canal neurons
CSF-contacting neurons have been described in spinal cord from cyclostomes to mammals (Vigh et al., 2004) , but their function remains unclear. Immunocytochemical detection of different neurotransmitters, such as GABA or VIP (Barber et al., 1982; LaMotte, 1987) , and the presence of synaptic vesicles (Vigh et al., 2004) , suggest that they are functional neurons. They could act as receptors of CSF pressure, flow or composition. These neurons could also secrete factors into the CSF, or detect spinal cord movements through their contact with the Reissner fibre (Vigh et al., 2004) . Recently, it has been shown that these cells have electrophysiological properties of immature neurons (Marichal et al., 2009) , which is consistent with their expression of DCX, but not NeuN. Consistent with previous studies (Marichal et al., 2009; Sabourin et al., 2009 ), we did not find [ 3 H]thymidine-labeled neurons in the adult central canal at 1 hour or 2.5 weeks after injection.
Functional significance of Ecc cells
The function of Ecc cells´ specialized basal bodies and cilia is unknown. Interestingly, Ecc cells´ cilia were frequently invaginated and closely associated to the Golgi apparatus. This Golgi association is rarely observed in cilia in E1 or E2 cells, but is common in progenitors with a primary cilium, including radial glia and adult SVZ astrocytes (Alvarez-Buylla et al., 1998; Gerdes et al., 2009; Sorokin, 1968) . The primary cilium has recently been shown to have an important sensory function and to be essential for signal transduction of Shh and other extracellular signals (Goetz and Anderson, 2010; Han and Alvarez-Buylla, 2010; Wong and Reiter, 2008) . This raises the intriguing possibility that Ecc cilia, with their specialized basal body, may function as sensory organelles sampling molecular signals within the cerebrospinal fluid, in addition to the mechanical role of propelling the fluid. Further work to identify molecular components of the basal body that may distinguish different types of ependymal cells is likely to provide clues about the diversification of ependymal cell types and a better understanding of their respective developmental origin and function.
Most Ecc cells were found in contact with an extensive network of basal lamina, resembling that observed in the SVZ (Mercier et al., 2002) . Extracellular matrix components have been suggested to play important roles in the regulation of progenitor cells within adult germinal niches (Kerever et al., 2007; Mercier et al., 2002; Shen et al., 2008) . Direct contact with blood vessels, which is essential both in the adult and embryonic brain (Alvarez-Buylla and Lim, 2004) , may also be related to the function of Ecc cells.
Tanycytes vs. Ecc cells
Classically, the term tanycyte has been used to describe a cell in contact with the ventricular system that has a long radial process with extension to the pial surface or to blood vessels (Bruni, 1998; Horstmann, 1954; Rafols and Goshgarian, 1985) . In the adult mammalian brain, tanycytes are generally thought to be restricted to certain regions, like the third ventricle (Bruni, 1998) . However, both in the lateral ventricles and in the spinal cord neuroepithelium, the definition of tanycyte is still controversial. In the central canal, cells located at the dorsal and ventral regions and retaining contact with the pial surface were frequently described as tanycytes, in contrast to ependymal cells (Seitz et al., 1981) . However, more recent studies do not agree on the canal cell types. While some authors still identify tanycytes (Mothe and Tator, 2005) or tanycyte-like cells (Hamilton et al., 2009 ) as those predominantly located in the dorsal or ventral regions in the central canal, others define tanycytes as radial cells also present in the lateral walls, coexisting with cuboidal and radial ependymal cells (Meletis et al., 2008) . Frequently, tanycytes are not mentioned in descriptions of the central canal (Bjugn et al., 1988) . Our data show that the central canal is mostly composed of Ecc cells with radial processes, both in the poles and the lateral walls of the canal, possibly corresponding to the frequently described tanycyte-like cells.
In conclusion, we describe the characteristics of Ecc cells, the most abundant cells in the central canal. We show that they differ significantly from classical multiciliated ependymal cells. Ecc cells possess large, electron-dense basal bodies that nucleate one or two long motile cilia, and express vimentin, CD24, FoxJ1, Sox2 and CD133, but not nestin or GFAP.
These cells can divide, but do not appear to generate, under normal conditions, parenchymal progeny. Instead, their proliferation was closely correlated with the growth and elongation of the spinal cord. This work reveals the diversity of ependymal cell types and their respective functions as both motors driving CSF flow and receptors sensing its composition.
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Refer to Web version on PubMed Central for supplementary material. GFAP (green, arrows) . GFAP is also frequent outside the canal. Some cells also express GFAP and vimentin in long processes (arrowheads). D-F) Nearly all canal cells express CD24 (magenta). Arrows point to a CD24-cell expressing GFAP (green). G-I) Nestin (magenta) was expressed predominantly in the dorsal and ventral regions of the central canal, especially in very long dorsal radial processes, which were frequently also positive for GFAP (green, arrowheads). The arrows point to a nestin+ cell also labeled with GFAP. J-O) Expression of FoxJ1 in the FoxJ1 ::Cre;Z/EG mice. J-L) FoxJ1 (green) is also expressed by vimentin+ cells (magenta). M-O) Immunofluorescence for GFP (green) and (E and I) , showing apically two large and electron-dense basal bodies (M). In a different section, the 9+2 microtubule structure of the cilium can be observed (Q, arrowhead). B) A different biciliated Ecc cell identified on a longitudinal section (F and J). It shows a radial expansion (J, arrow) and two cilia cut longitudinally (N). Other sections of the reconstruction showed dense particles close to the basal bodies (R, arrowheads). C) Uniciliated Ecc cell labeled on a longitudinal Figure 9 . Identification of generated cell types with TEM Autoradiography on animals sacrificed 2.5 weeks after [ 3 H]thymidine injections. Labeled cells were identified on toluidine blue-stained semithin sections (A-B, arrows), serial ultrathin sectioned and analyzed under the TEM (C-I). Pairs of labeled cells were frequently observed (arrows and arrowheads). Electronmicrographs of cells pointed with an arrow and depicted in orange are shown. A) Labeled Ecc cell (C and E) with two cilia, appearing on two different ultrathin sections (G-H) . These cilia showed 9+2 structure (arrowhead) and large basal bodies (arrows). B) Labeled uniciliated Ecc cell (D and F) showing the beginning of the cilium with a large basal body (I, arrow). Scale bar in A (A-D), 10 µm; E, 2 µm; F, 5 µm; G (G-H) and I, 1 µm. 
